Introduction
Hallux valgus (HV) is one of the commonly seen orthopaedic conditions in clinical practice with an estimated prevalence of 23% to 38% (Nix et al., 2010) . Prevalence of HV is higher in women (30%) than in men (13%) (Nix et al., 2010) . Several surgical options are available based on the severity of the deformity. The Lapidus procedure has been described in 1934 (Lapidus, 1934) to address the hallux in the context of a metatarsus primus varus as part of the atavistic foot. In fact, this description was the precursor of further descriptive and functional studies on severe HV including the controversial concept of hypermobility of the first ray (Cornwall et al., 2004; Dietze et al., 2013; Doty and Coughlin, 2013; Faber et al., 2001; Klaue et al., 1994; Roukis and Landsman, 2003) . Through the years, several modifications of the original technique have been published (Cottom and Vora, 2013; Galli et al., 2015; Gutteck et al., 2013; Klos et al., 2013; Mallette et al., 2014; Scranton et al., 2009; Toolan, 2007) .
In case of moderate to severe HV and/or insufficiency of the first ray, modified Lapidus procedure is known to be associated with good clinical outcome (Faber et al., 2013; McInnes and Bouche, 2001; Popelka et al., 2012; Toolan, 2007; Willegger et al., 2015) due to efficient correction of the deformity and stabilization of the first ray (Avino et al., 2008; Galli et al., 2015; King et al., 2014; Popelka et al., 2012) .
Nevertheless, in our clinical experience, recovery following Lapidus procedure is longer compared to distal procedures for hallux valgus correction. Furthermore, in previous publications, we reported the altered gait mechanics associated with moderate to severe HV (Chopra et al., 2015) and demonstrated that altered gait parameters persisted 6 months following modified Lapidus procedure (Chopra et al., 2016) . Therefore, and also because little comprehensive information exists regarding the influence of this procedure on gait except for the evaluation of specific aspects (Bierman et al., 2001) or its impact on forefoot plantar pressure distribution (King et al., 2014) , we believe that comprehensive gait analysis during the year following the procedure could offer a better understanding of the longer recovery period. This might provide some insight, which could help towards reforming rehabilitation protocols.
The goal of this study was to assess the midterm outcome following modified Lapidus procedure by comparing the radio-clinical and gait outcomes at preoperative, 6 months and 12 months following surgery. The study hypothesised that improvement in functional outcome will be completed by 6 months postoperatively.
Methods

Participants
Ten consecutive female patients with signs of moderate to severe HV, as diagnosed by the senior author, planned for modified Lapidus surgery were included in this study. Unfortunately, moderate to severe HV is not associated with any strong definition. However, a consensus exists among foot and ankle surgeons to consider HV as moderate to severe in case of intermetatarsal angle (IMA) between first and second metatarsal to be > 15°and first metatarso-phalangeal angle (hallux valgus angle (HVA)) > 20°together with other frequently reported issues of the lesser rays including metatarsalgia and clawtoes. Patients with any orthopaedic or neurological pathology or previous surgery of the lower extremity were excluded. After surgery, patients were mobilized to a restricted 10 kg partial weight bearing under the protection of a lower leg walking cast, followed by 6 weeks of progressive weight bearing. All patients received nine sessions of physical therapy starting at the forth month postoperatively. This included passive and active mobilization of the ankle, hindfoot and forefoot, as well as proprioceptive exercises. The prospective evaluation included preoperative, six months and 12 months postoperative clinical, radiological, and gait assessment. Between the six months outcome study (Chopra et al., 2016) and the 12 months outcome, one patient was lost to follow-up, but another patient was included to maintain the study size of 10 participants. Mean age of participants was 51.3 years (SD 8.2) and the mean BMI was 21.9 kg/m 2 (SD 2.6). Approval of the Ethical Committee was obtained along with the signed written consent from all participants.
Clinical assessment
Two foot and ankle specific questionnaires including the American Orthopaedic Foot and Ankle Score (AOFAS) and the activity of daily living (ADL) part of the Foot and Ankle Ability Measure (FAAM), were given to the patients. The questionnaires were filled preoperatively and at 6 and 12 months postoperatively. It is to be noted that, though the AOFAS has never been validated, it is widely used in the foot and ankle research studies. Minimal clinically important difference (MCID) calculates the smallest yet significant improvement perceived by the patient. The MCID score of > 8 and > 30.2, represents good satisfaction in respectively FAAM and AOFAS outcomes (Chan et al., 2017; Martin et al., 2005) .
Radiological assessment
Radiographic assessment included the anterio-posterior view images in a standing position for the affected foot, preoperatively and at six and twelve months postoperatively. Anatomical joint angles including IMA, HVA and distal metatarsal articular angle (DMAA) were measured by a single independent observer (Fig. 1) .
Gait assessment
The ambulatory gait assessment method included pressure insoles (Pedar-X®, Novel, Germany) (Putti et al., 2007) and five 3-D inertial sensors connected with two data-loggers (Physilog®, BioAGM, CH) (Aminian et al., 1999; Rouhani et al., 2012) . This ambulatory gait assessment method has been validated against the gold standard method of motion capture, using the high-speed cameras and pressure platforms (Aminian et al., 1999; Price et al., 2016; Rouhani et al., 2012) . A description of sensor placement on the tibia, calcaneus, midfoot, and great toe, as well as assessment protocol is detailed in our previous publication (Chopra et al., 2015) . With the device in place, the patients walked along a 50-m hospital corridor twice, at their natural walking speed. Forty-seven gait parameters (Chopra et al., 2015) were assessed including spatiotemporal, kinematics and plantar pressure parameters (Table 1) . Description of spatiotemporal parameters during the stance phase of the gait cycle is presented in (Fig. 2) .
Statistical analysis
Gait results were analyzed using MATLAB version 2011a (TheMathWorks Inc.®, Natick, USA). For each parameter, the average of all gait cycles was obtained. The one-way analysis of variance (ANOVA) was performed to determine significant differences between the means of the groups. To prevent family wise error rate in a multiple paired comparison (Walenkamp et al., 2013) , student t-test was performed using the Bonferroni correction. The level of significance was set at 0.05 and based on that the adjusted level of significance was set at p ≤ 0.016.
Results
Clinical results
The FAAM-ADL outcome reported non-significant improvement at 12 months (Table 2) . On the contrary, the AOFAS, reported significant improvement from six months onwards, and continued to show improvement at 12 months postoperatively. However, the difference between the six months and 12 months outcome was not significant ( Table 2 ). Based on the MCID outcome, post-surgical satisfaction was reported by both the questionnaires. At 12 months post-operatively, both FAAM-ADL and AOFAS outcomes reached the MCID score > 8 and 30.2, respectively. During the overall clinical course and hospital stay, no significant surgery related complication was reported.
Radiological results
Radiographic outcome is reported in (Table 2) . Compared with the preoperative values, significant improvement was achieved in IMA and HVA (P ≤ 0.016) at six months postoperatively. Values between six months and 12 months did not change significantly. DMAA showed no significant improvement postoperatively.
Gait results
Spatiotemporal outcome is reported in (Table 3) . At 6 months follow up, the toe-off pitch angle reported significant deterioration from the preoperative status (p = 0.013, d = 0.7). At 12 months, load duration during the stance phase (p = 0.013, d = 0.7) and heel strike pitch angle (p = 0.006, d = 0.7) were found to increase compared to the preoperative values. Significant improvement between 6 months and 12 months follow-up was observed in toe-off pitch angle (p = 0.008, d = 0.9), foot-flat (p = 0.003, d = 0.96) and push-off duration (p = 0.001, d = 1.2) of the stance phase.
Kinematic outcome is reported in (Table 4) . Compared to the preoperative outcome, significant reduction in motion was recorded at forefoot-shank motion in the coronal plane at 6 and 12 months followup (p = 0.009, d = 0.9) (p = 0.004, d = 0.7), respectively. Significant difference between 6 and 12 months follow-up was observed in toeforefoot (p = 0.007, d = 0.7) and forefoot-shank motion in the transverse plane (0.01, d = 1.2). Motion in the sagittal plane continues to remain low at 6 and 12 months with non-significant improvement at 12 months compared to 6 months follow-up.
Plantar pressure outcome is reported in (Table 5) . At 6 months follow-up, for total contact time (Tc), significant increase was reported at hindfoot lateral (p = 0.01, d = 0.9), hindfoot medial (p = 0.003, d = 1.09), midfoot lateral (p = 0.002, d = 1.13), forefoot medial (p = 0.008, d = 0.9) and significant reduction in first toe sub region (p = 0.0007, d = 0.8). At 6 months follow-up, Max Force at forefoot central is also found to reduce compared to the preoperative value (p = 0.016, d = 0.7). At 12 months follow-up, total contact time at hindfoot lateral was the only parameter reporting significant increase compared to the preoperative value (p = 0.009, d = 0.9).
Significant difference between 6 months and 12 months follow-up was observed in total contact time at hindfoot medial (p = 0. 
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Discussion
The study has provided a comprehensive gait outcome along with the radio-clinical assessment at 12 months following the modified Lapidus procedure. Results have shown that gait parameters continue to improve at 12 months post-operatively and this improvement is expected to continue after 12 months. Outcome of this study rejects the hypothesis that functional improvement will be completed by 6 months following modified Lapidus procedure.
Among the spatiotemporal parameters, longer foot-flat duration was observed at six months, which was seen to diminish significantly at 12 months. This is due to avoidance of the push-off phase, at short term following surgery (within 6 months), which may be caused by the transformed mechanics of the first metatarsophalangeal joint following its considerable reorientation after Lapidus. As mentioned, avoidance of push-off at short term is confirmed by the gait outcome at 6 months, which was seen to improve significantly at 12 months. Consequences of reduced push off at 6 months was also seen on the toe off pitch angle reporting significant reduction; and as the push-off improved at 12 months, the toe-off pitch angle is also seen to recover, confirming the ongoing progress in gait parameters at 12 months follow-up. Further signs of improvement at 12 months was reported by the kinematic outcome, where forefoot-shank motion in the transverse plane was found to be significantly diminished at six months, and significantly improved by 12 months. The rigidity of the forefoot-shank in the transverse plane at six months could be the reason behind the increased compensatory movement of the toe-forefoot motion at six months, which was seen to recover at 12 months follow-up.
The plantar pressure outcome also confirmed the improvement at 12 months follow-up. At 6 months follow-up, due to pain and apprehension to load, the patients with operated hallux spent longer contact time on their lateral border of the foot, which showed improvement at 12 months following the surgery. Longer total contact time was also observed at the medial forefoot at six months with improvement at 12 months. However, the difference was insignificant. This illustrates the increased stability of the first ray resulting from the procedure and then the adaptive early push-off occurring at the forefoot medial to prevent hallux loading. Maximal force and pressure at second and first toe was seen to improve at 12 months compared to the six months follow-up, demonstrating improved toe loading during push-off. This suggests that patients started gaining more confidence in putting weight on the operated joint by 12 months post-operatively. Interestingly, outcome of gait assessment aligns closely with clinical experience, where longer recovery has been reported following the modified Lapidus procedure. The results showed improvement at 12 months compared to the 6 months follow-up for most parameters; however, the difference was significant in only half of those parameters. This also suggests that there is the probability of improvement in gait parameters after 12 months and future studies should look at long term follow-up to fully understand the effect of the modified Lapidus procedure on the gait.
The clinical scores evaluated by FAAM-ADL and AOFAS questionnaires showed an overall patient satisfaction at 12 months following modified Lapidus surgery for moderate to severe HV compared to preoperatively. This improvement was only significant for the AOFAS, and its subdivisions. However, the improvement slowed down reaching a plateau between 6 and 12 months post-operatively. The outcome of the two scores cannot be compared directly as FAAM is a patient reported outcome measure and AOFAS is a clinician reported outcome measure. FAAM measures the quality of activity of daily living, while AOFAS evaluates the condition more clinically. Significant improvement reported by AOFAS at 6 months, is mainly the assessment of surgery based on alignment, callosities, shoe wear and motion. This is the reason why improvement in AOFAS outcome can be seen as early as 6 months postoperatively. FAAM-ADL showed functional deterioration at six months, which actually corresponds closer to the gait outcome reflecting the impact of surgery on the patient's quality of life during the rehabilitation phase. The exaggeration of the outcome by AOFAS has previously been confirmed by the gait study comparing outcomes of two ankle surgeries (Chopra et al., 2014) .
The Lapidus procedure has shown high corrective power (Willegger et al., 2015) , and good clinical and radiological outcome at midterm follow-up (Kopp et al., 2005; Popelka et al., 2008; Rink-Brune, 2004; Trnka and Hofstatter, 2005) . The significant improvements of the HVA and IMA measured in this study are consistent with previous studies and confirm that the deformity was corrected efficiently, and that the correction was consistent with good clinical outcomes. Lapidus procedure was found to be associated with a long postoperative care and rehabilitation period (Trnka and Hofstatter, 2005) . The outcome of this study confirms the above statement in terms of ongoing improvement in gait parameters suggesting long postoperative rehabilitation following modified Lapidus procedure.
Biomechanical assessment and gait analysis studies of Lapidus procedures are sparse. King et al. (2014) , in a study limited to plantar pressure evaluation, reported that Lapidus procedure had greater influence on forefoot load distribution compared with the Chevron procedure. In the above study, the foot was divided into different sub-regions than this study and hence it was not possible to compare the outcomes. A study by Dhukaram et al. compares the radio-clinical with biomechanical assessment following HV surgeries (Dhukaram et al., 2006) . The study found that the results of Mitchell and Scarf osteotomies, which are alternatives to the modified Lapidus, do not restore the load-bearing function of the foot to normal, although there is a significant improvement of the AOFAS and of the radiographic parameters when compared with the preoperative outcomes. These conclusions compare well with our findings considering that improvement was not observed in all evaluated parameters.
Strengths of the study include the comprehensive prospective Tc: Total contact duration (St %), Max F: maximum vertical force (%BW), Max P: maximum peak pressure (kPa). a Representing adjusted P ≤ 0.016 compared to preoperative measurements. b Representing adjusted P ≤ 0.016 compared to 6 months' postoperative measurements.
assessment following modified Lapidus procedure. In addition, the use of a novel ambulatory gait analysis system helped to assess the patients' more natural gait compared to the lab-based assessment. Importantly, gait assessment was performed by the same observer, limiting inconsistencies in sensor placement. Goniometric measurements of joint angles were also made by a single observer. Limitations of the study include its relatively small study size. However, most gait studies presenting prospective outcome following orthopaedic surgeries use a similar sample size. Furthermore, in this study we used robust statistics to make sure no false positive outcome was found to be significant. Overall, the results were consistent. Nevertheless, for some of the parameters, the standard deviation (SD) was elevated. This probably explains why comparison between the 6 and 12 months outcomes only showed 12 gait parameters reporting a significant difference although other parameters reported the same tendency without being significant. Inclusion of a larger number of patients could be beneficial to reduce the SD and to consolidate the outcome. Another limitation is that we did not perform a test-retest reliability assessment of the radiographic measures. However, this is not routinely performed in clinical follow up studies and a single independent board certified orthopaedic surgeon did the measurements, which attenuates the risk of incorrect measurements.
The clinical implications of the present study are as follows: firstly, the data can serve as a benchmark for the comparison of results from different surgical techniques to address moderate to severe HV deformity. Secondly, the determination of the altered gait parameters can help the physiotherapist to optimize the postoperative rehabilitation protocol. Finally, knowing the continuous functional improvement at 12 months following the modified Lapidus procedure is an important aspect to be used in the patient's information.
Conclusion
To the best of our knowledge, this is the first study to report a comprehensive assessment including clinical, radiological and gait outcomes at 12 months following modified Lapidus procedure for moderate to severe HV. Twelve gait parameters significantly demonstrated that outcome improves from 6 months to 12 months following surgery and several other parameters showed the same tendency. The outcome confirms a slow and long rehabilitation phase following modified Lapidus procedure and suggests the need for further research in developing a rehabilitation protocol to help shorten the rehabilitation period.
